Abstract Recent work was conducted to predict the structure of functionally distinct regions of Avicennia marina peroxidase (AP) by using the structural coordinates of barley grains peroxidase as the template. This enzyme is utilized by all living organisms in many biosynthetic or degradable processes and in defense against oxidative stress. The homology model showed some distinct structural changes in the heme, calcium, and substrate-binding regions. Val53 was found to be an important coordinating residue between distal calcium ion and the distal heme site while Ser176 is coordinated to the proximal histidine through Ala174 and Leu172. Different ionic and hydrogen-bonded interactions were also observed in AP. Analyses of various substrate-enzyme interactions revealed that the substrate-binding pocket is provided by the residues, His41, Phe70, Gly71, Asp138, His139, and Lys176; the later three residues are not conserved in the peroxidase family. We have also performed structural comparison of the A. marina peroxidase with that of two class III salt-sensitive species, peanut and soybean. Four loop regions were found to have largest structural deviation. The overall protein sequence was also analyzed for the presence of probable post-translational modification sites and the functional significance of these sites were outlined.
Introduction
Plant peroxidase superfamily consists of a characteristic central heme group which is sandwiched between a proximal and a distal domain (Henriksen et al. 1998a) . Heme peroxidases catalyze the one-electron oxidation of a variety of organic substrates. Most heme peroxidases undergo the following multi-step reaction scheme (Sundaramoorthy et al. 1994) .
[P=porphyrin and S=substrate]
Plant peroxidases are grouped into three classes. Class I peroxidases are of prokaryotic origin which include yeast cytochrome c peroxidase, a soluble protein found in the mitochondrial electron transport chain, where it protects against toxic peroxides; ascorbate peroxidase, the main enzyme responsible for hydrogen peroxide removal in the chloroplasts and cytosol of higher plants (Dalton 1991) ; and prokaryotic catalase peroxidases that exhibit both peroxidase and catalase activities and provide protection to cells under oxidative stress (Welinder 1991) . Class II peroxidases consists of secretory fungal peroxidases, e.g., lignin peroxidases, which are monomeric glycoproteins involved in the degradation of lignin and manganesedependent peroxidases in which Mn 2+ serves as the reducing substrate (Reddy and D'Souza 1994) . Class II proteins contain four conserved disulfide bridges and two conserved calcium-binding sites. Class III peroxidases consist of the secretory plant peroxidases and are targeted via the endoplasmic reticulum to the outside of the plant cell or to the vacuole. They play a vital role in a wide range of physiological processes, for example in the metabolism of reactive oxygen and nitrogen species, cross-linking of cell wall components, lignin and suberin formation, and synthesis of phytoalexins. Peroxidases perform their defensive role against several biotic and abiotic stresses by trapping of heavy metals and degradation of toxic molecules (Agostini et al. 2003; Lavid et al. 2001) . During plant defense, peroxidases directly or indirectly participate in the signaling pathways, which regulate peroxidase gene expression (Almagro et al. 2009 ). The most well known members of this class of peroxidases are horseradish peroxidase (HRP) (Gajhede et al. 1997) , peanut peroxidase (PNP) (Schullar et al. 1996) , soybean peroxidase (SBP) (Henriksen et al. 2001) , barely grain peroxidase (Henriksen et al. 1998a) and Avicennia marina peroxidase.
Due to their versatile nature of peroxidases, the presence of a large number of isoenzymes have been reported in a single plant such as Arabidopsis, 73; rice, 138; and tobacco, 12 (Passardi et al. 2004; Welinder et al. 2002) . The peroxidase database, PeroxiBase (http://peroxibase.toulouse.inra.fr/), has revealed 143 sequences of distinct class III peroxidases in maize (Zea mays L.). Recently, phylogenetic analysis of two new class III peroxidase genes, CrPrx3 and CrPrx4, from Catharanthus roseus has been performed. The analysis revealed that both genes have diverse expression patterns in a variety of plant tissues. Quantitative real-time PCR confirmed their maximum expression in stem tissues followed by flower tissue. The expression levels of CrPrx3 and CrPrx4 were downregulated under salt and dehydration stress, respectively (Kumar et al. 2011) .
A number of plant peroxidases have been either structurally elucidated or their 3D structures were predicted (Koua et al. 2009; Passardi et al. 2007 ). They consist of highly conserved domains as well as variable regions. Multigene families of peroxidases have catalyzed the diversity of processes indicating that each isoform may have potential in functional specialization (Cosio and Dunand 2009) . Invariant amino acid residues necessary for catalytic activity and proper folding are present in all plant peroxidases (Welinder et al. 2002) . Heme in these peroxidases is protoporphyrin IX. The proximal histidine is the fifth ligand of the heme iron whereas the other histidine is known as the distal histidine. This class of peroxidase also consists of two calcium-binding sites, proximal and distal to the heme. Heme is not covalently linked to the protein matrix and is thus possibly more sensitive to react to altered nonbonded interactions in its vicinity (Laberge et al. 2003) . Various substrates, including carbon monoxide (CO), cyanide, azide, and fluoride, as well as formate and acetate coordinate with the heme (Fe) at the distal catalytic site and form six coordinated peroxidase complexes (Carlsson et al. 2005; Veitch 2004 ). These ligands present in their protonated forms are stabilized through hydrogen-bonded interactions with the distal catalytic residues. Binding of such ligands is mutually exclusive and fully competitive toward peroxide binding (Carlsson et al. 2005) . Class III peroxidases recognize a number of vacuolar metabolites, such as phenols, flavonoids, and alkaloids as substrates, and assume specific functions in the metabolism of these compounds in vivo (Costa et al. 2008; Passardi et al. 2004; Welinder et al. 2002) .
In the present study, we have predicted the 3D homology model of peroxidase from salt-tolerant specie, A. marina (AP). The model was built with heme and calcium ions and analyzed as regards the active site residues, heme, and cation-binding sites, which play important roles in catalysis. The amino acid sequences of salt-tolerant and salt-sensitive plant species were also aligned and conserved and nonconserved amino acids were analyzed. The 3D model of AP was compared with peroxidase structures of salt-sensitive and salt-tolerant plant species and regions having structural deviations were analyzed. The 3D models of AP were also constructed with various substrates, i.e., benzhydroxamate (BHA), ferulic acid-cyanide (FCN), formic acid (FA), carbon monoxide (CO), and tris (hydroxy methyl) aminomethane (TRIS). The structural information obtained from the models was compared with those of the previously determined crystal structures. The 3D models were studied with respect to the residues which play important role in catalysis.
Methods

Sequence analysis
Pairwise sequence alignment Primary sequence of peroxidase from A. marina (Q9FXL6_AVIMR) was retrieved from Uniprot database (Bairoch et al. 2005) . The sequence was submitted to BLAST (Altschul et al. 1997 ) search against protein databank, PDB (Berman et al. 2002) in order to identify the template for molecular modeling. The search gave highest homology (36%) with barley grain peroxidase, pdb id: 1bgp (Henriksen et al. 1998a) . Residues 31-328 of the target sequence were aligned with residues 8-305 of 1bgp by the BLAST program. Some manual adjustments were done where needed.
Multiple sequence alignment and phylogenetic analysis
Amino acid sequences of peroxidase belonging to salttolerant and salt-sensitive plants were retrieved from Uniprot database (Bairoch et al. 2005) . Homology sequence searches were performed using BLAST (Altschul et al. 1997 ) against non-redundant (nr) database and class III PeroxiBase (Koua et al. 2009 ). Multiple sequence alignment of plant peroxidases was performed using Clustal X program (Thompson et al. 1997) . Phylogenetic trees were constructed by using neighbor-joining method using Drawtree and Drawgram programs of PHYLIP tree package version 367 (Felsenstein 1989; Howe et al. 2002) .
Prediction of post-translational modification sites
Primary sequence of A. marina was searched at PROSITE database using ScanProsite (Obenauer et al. 2003) for the possible post-translational modification sites.
Model building
The three-dimensional homology models of A. marina peroxidase with heme, and two calcium ions were constructed separately with and without different substrates. The substrates used were ferulic acid-cyanide, benzhydroxamic acid, formic acid, carbon monoxide, and tris (hydroxymethyl) aminomethane. The models were built using the structural coordinates of 1bgp, 7atj, 2atj, 1w4w, 1w4y, and 1fhf, respectively, by the protein structure-modeling program MODELLER 9v3 (Sali and Blundell 1993) . For the model without the substrate, 1bgp was used as the template. The program was executed using the default parameters. Protein structures were visualized and analyzed using Swiss PDB Viewer (SPDV) 3.7 (Guex and Peitsch 1997) and DS viewer (http://accelryscom/products/discovery-studio/).
Model assessment
Evaluation of the predicted homology models was based on the analyses of stereochemistry, geometry, and energy distributions. The consistency of the models was assessed by using the ENERGY command of the MODELLER. Assessment was also performed by the programs, PRO-CHECK (Laskowski et al. 1993 ) and protein structure analysis (ProSa) (Sippl 1993; Wiederstein and Sippl 2007) . The variability among the models was compared by superposition of the Cα traces of the model and the template and the root mean square deviation (RMSD) between the equivalent atoms was determined.
Structural comparison of A. marina peroxidase with that of salt-sensitive and salt-tolerant plants
The three-dimensional homology model of A. marina peroxidase was compared with the 3D structures of saltsensitive (peanut and soybean) and salt-tolerant (barley grain) plant species by means of structural superpositions using the program, DS viewer (http://accelryscom/products/ discovery-studio/). The regions of highest structural deviations were then analyzed.
Results and discussion
Multiple sequence alignment Table 1 shows the multiple sequence alignment of A. marina peroxidase with the members of peroxidase family. Sequences identified by the BLAST server against nonredundant (nr) database were used for multiple alignment using Clustal X program (Thompson et al. 1997) . Multiple sequence alignment has shown that the distal (Arg45, His49) and proximal catalytic (His175) residues of heme and co-essential residue Phe48 are highly conserved in the family of class III heme peroxidase. Arg45 is a transition state stabilizer and provides access of the substrate to the catalytic site while His49 is a proton acceptor. Asn46 is present in 12 members of the peroxidase. It is replaced by Leu in more than 70% of the sequences. The conserved fold, 13 F/YYXXT/SCP 19 , is present at the distal site with yet unknown function. Another conserved motif, 50 DCFVQ/NGCDGSVLI/L 62 , is present in most of the family of peroxidases. These residues provide distal site coordination with Ca in peroxidases of A. marina, Nicotiana tabacum, Vinca rosea, Arabidopsis thaliana, Table 1 CLUSTAL X multiple sequence alignment showing the sequence of members of the peroxidase family   Q9FXL6_AVIMR  ------------------------------------FAEN----EGHGLAMNYYRDSCP-19  B2G335_CATRO  -MVFMSSFSSSSSSTSLLLFLISSLLISTHFN-VHIEAQTT-PPIVSGLSFTFYDSSCP-56  B2G334_CATRO  --MALIAFSSSTS----LLLICSLLLVSTHFN-FHIEAQTT-PPIVSGLSFAFYNSTCP-51  Q0VYC8_CATRO  -----MAFSSSTS---LLLLLISSLLISAHFNNVHIVAQTTRPPTVSGLSYTFHNSRCP-51  Q6PQF2_EUPCH  ----------MAS----KLVLVSCLLVAFWFC--AIEAQTK-PPIVNGLSWTFYKSSCP-42  P93545_SPIOL  ---------MMVSFKIIPLMLVVAISCLVGIS----KSQST-VPVVNGLSYSYYSRSCP-45  P93547_SPIOL  ----------MAATKGFPLILVLS-SLIIGLS----QGQST-IPVVPGLSYTFYSSSCP-43  Q5W5I4_PICAB - 
GR-VSRAADAGD-LPAFFDSVDIQKRKFLTKG-LNTQDLVAL-TGAHTIGTAGCAVIRDR 207 
NEGLLQSDQELFSTT-GAD-TIAIVNNFSS-----NQTAFFESFVVSMIRMGNISPLTGT 320 Q42905_LINUS REGLLQTDQELISTP-GSD-TIELVNRFAA-----NQTAFFQSFVNSMIRMGNIPPPPGS 319 , Glu and Ser are present in place of Asn/Gln and Gly, respectively. At positions 67, 77, and 79, Arg, Ser, and Gly are present, respectively, in A. marina while in most of peroxidase family proteins Ser/Thr, Asn, and Ser are present at these positions; these residues are involved in hydrogen-bonding interactions with distal catalytic residues. These H-bonding interactions are not observed in A. marina peroxidase.
His175 at the proximal site of heme and Ser/Thr176 at the proximal site of calcium are conserved in all plant peroxidases. Val222, Arg223, Asn224, Asp225, Arg226, Gly227, Thr228, and Lys231 are present at the proximal site of calcium in A. marina peroxidase. Asp225 and Thr/Ser228 are mostly conserved and Leu224 is 70% conserved in the family of class III peroxidase while Asn224 is present in place of Leu224 in A. marina and some other peroxidases (Table 1) . At position 231 variable amino acid residues are present at the proximal site of calcium in the peroxidase family.
Phylogenetic analysis
Phylogenetic analysis based on the multiple sequence alignment of 54 sequences of salt-tolerant plant peroxidases has shown that peroxidases can be grouped in several distinct branches (Fig. 1) . The branches that were recognized as clusters were considered to be a sign of biological similarity. An individual partition contains different number of classes, where each class consists of a cluster of similar sequences originating from a common node within the partition. There is a close phylogenetic relationship between peroxidases belonging to A. marina, N. tabacum, V. rosea, Gossypium hirsutum, and Ricinus communis indicating that they share a common ancestor.
Analysis of the amino acid sequence deduced for AP using the databank, PeroxiBase (Koua et al. 2009 ), revealed that A. marina has the highest homology with that of Triphysaria versicolor, N. tabacum, C. roseus, and Capsicum annum. AP also shares significant identity with barley grain peroxidase (BGP) whose 3D structure has been determined (Henriksen et al. 1998a ).
PERA2_ARMRU NNGLLQSDQELFSTL-GSA-TIAVVTSFAS-----NQTLFFQAFAQSMINMGNISPLTGS 291 PERX_TOBAC NQGLLQTDQELFSTS-GSA-TIAIVNRYAG-----SQTQFFDDFVSSMIKLGNISPLTGT 312 Q40555_TOBAC NQGLLQTDQELFSTS-GSA-TIAIVNRYAG-----SQTQFFDDFVSSMIKLGNISPLTGT 284 O65773_CUCPE NRGLLTSDQVLFSTP-GAD-TIEIVNRLGS-----REGTFFRQFRVSMIKMGNIRPLTPN 302 PER2_ZINEL SRGLLISDQVLFN---ADS-TDSIVTEYVN-----NPATFAADFAAAMVKMSEIGVVTGT 309 PER1_ZINEL SRGLLISDQVLFN---ADS-TDSIVTEYVN-----NPATFAADFAAAMVKMSEIGVVTGT 309 PERX_NICSY KKGLLQSDQVLFN---GGS-TDNIVSEYSN-----SARAFSSDFAAAMIKMGDISPLSGQ 310 PER1_HORVU QKGLLHSDQVLFN---NDT-TDNTVRNFAS-----NPAAFSSSFTTAMIKMGNIAPKTGT 302 Q5I3F6_TRIMO QRGLLHSDQVLFN---NDT-TDNTVRNFAS-----NPAAFSSAFTTAMIKMGNIAPKTGT 303 Q5I3F7_TRIMO QKGLLHSDQVLFN---NDT-TDNTVRNFAS-----NPAAFSSAFTTAMIKMGNIAPKTGT 299 Q5I3F5_TRIMO QKGLLHSDQVLFN---NDT-TDNTVRNFAS-----NAAAFSSAFTTAMIKMGNIAPLTGT 301 Q5I3F4_TRIMO
QKGLLHSDQVLFTGT-GGG-TDNTVNNFAS-----NPAAFSSAFASAMVKMGNLSPLTGS 301
NKGLLLVDHQLAHDK
----RTRPIVKKMAK-----DQAYFFKEFTRAIQILSENNPLTGS 316 B7FHN5_MEDTR ------------------------------------------------------------Q9FT05_CICAR NKGLLSVDHQLAHDK----RTKPYVKKMAK-----SQDYFFKEFSRAITLLSENNPLTGT 316 A9NNP1_PICSI NKGLLIVDQQLYADS----RTRPYVKKMAK-----SQDYFFKYFARALTILSENNPLTGN 322
Amino acid sequence of Avicennia marina peroxidase (Q9FXL6_AVIMR): Distal site: F/YYXXT/SCP conserved fold (red), catalytic residues (blue) while another conserved motif DCFVQ/NGCDGSVLI/L (green) are present. These residues provide distal site coordination with Ca. Proximal site: His175 and Ser/Thr176 (in red) are involved in coordination with heme and calcium respectively which are conserved in all plant peroxidases. Asp250 (in red) maintains imidazolate nature of His175 ring by forming two salt bridges. Other proximal residues, Val221-Lys231 (in blue) are conserved in some peroxidase sequences while hydrophobic amino acids are present in place of Lys231 in most of the peroxidases. These are also involved in coordination with heme and calcium 3D model of A. marina peroxidase Theoretical models of A. marina peroxidase were constructed by the program MODELLER 9v3 using templates that gave highest sequence homology with the target sequence. Table 2 shows the overall summary of the templates used for unbound model and models with bound substrates and the stereochemical quality of the models as assessed by PROCHECK (Laskowski et al. 1993) . The Ramachandran plots of these models showed that the quality of each model was reasonably good. The ProSA energy plot illustrates the local model quality by plotting energies as a function of amino acid sequence position. In case of the homology models of A. marina peroxidase, ProSA analysis revealed Z scores which lie in the low energy conformation states (Fig. 2) . Moreover, the root mean square deviations for the Cα coordinates of the models and the respective templates indicate that there is structural conservation between the folds ( Table 2) . The overall homology model of AP consists of 11 α helices and two β strands while remaining part of the structure comprises loops between the main secondary structure elements. A middle region along with the heme comprises proximal and distal domains and the two-cation-binding sites containing calcium ions (Fig. 3a) . These calcium ions are linked to the heme-binding residues by a number of hydrogen bonds. Four disulfide bridges, 18cys-97cys, 51cys-56cys, 103cys-301cys, and 182cys-209cys were predicted by WHATIF (Chinea et al. 1998) (Fig. 3b) .
Calcium-binding sites
Proximal site Cation binding is vital in maintaining heme environment and hence structural and functional properties (Morishima et al. 1986 ). In AP, the proximal calcium site is five coordinated with a mean coordination distance of 2.35 Å (Fig. 4) . In case of barley grain (BGP), horseradish (HRP), and peanut peroxidase the proximal calcium site is seven-coordinated with a mean coordination distance of 2.4 Å (Schullar et al. 1996) . The additional amino acid residue that provides coordination site is Asp225 while two coordination sites are provided by Thr228. Asp225 in AP is located too far away from the proximal calcium site and is located in the loop region having residues Val222, Arg223, Asn224, Arg226, and Gly227 in the vicinity (Fig. 4) . These residues are variable in the plant peroxidase family (Table 1) . With the exception of Ser176 and Lys231 which are replaced by Thr and Val, the rest of the amino acids that provide Ca coordination are conserved. These amino acids superpose well and show same coordination with calcium. However, different hydrogen-bonding interactions were observed between these residues (Table 3a) .
Distal site The presence of cation in the distal site is stabilized by the hydrogen-bonding network, thereby reducing the mobility of the catalytic distal histidine. This site is also five coordinated with the donor oxygen ligands provided by Asp50, Asp57, Val53, and Ser55 and an average mean coordination distance of 2.32 Å (Fig. 5a ). All sites do not show same coordination strength. On the other hand, BGP is six coordinated with the additional site provided by Ser59 while Gly55 is present in place of Ser55. In AP, Ser59 show weak coordination to distal calcium as it lies at a distance of 3.5 Å (Fig. 5a ). Different ionic and hydrogen-bonded interactions were also observed in AP (Table 3b , Fig. 5b ).
Substrate binding and the role of active site residues
Unbound model At the distal site of the heme plane His49, Arg45, and Phe48 are conserved in all plant peroxidases. The distance between His49 (ND1) and Heme-Fe is 7.92 Å, which is similar as in case of BGP (8.2 Å). The interactions mainly the hydrogen-bonding pattern involving active site residues are shown in Fig. 6a . The region of greatest variation is the connecting loop comprising residues 65-83 present at the distal site of the enzyme. Arg45 is coordinated with heme forming three hydrogen bonds while it is also hydrogen bonded to His49 through water molecule. Arg45 also hydrogen bonds with Phe48 and prevents the substrate contact to the ferryl oxygen of compound I (Eq. 1), which is generated by the reaction between H 2 O 2 and Fe (III). In BGP, Arg45, and His49 also show hydrogen-bonding interactions with other residues, i. e., Thr, Asn, and Thr at positions 67, 77, and 79, respectively. On the other hand, these residues are replaced by Arg, Ser, and Gly, respectively, in AP. Therefore, no such interactions were observed in AP except that Arg67 hydrogen bonds with His49. However, a new interaction was also observed in which Asn46 is hydrogen bonded to Asp50 which in turn is hydrogen bonded to Arg67. Glu71 is a conserved residue in the plant peroxidase superfamily; in AP it is involved in hydrogen-bonding interaction with -6.92, -6.35, -6.23, -6.86, -6.65 and -7.42 respectively. ProSA plot shows local model quality by plotting energies as a function of amino acid sequence position. The program calculates an overall quality score for a specific input structure. The thick line shows the average energy over each 40-residue fragment while the thin line shows a smaller window size of 10 residues Arg67, Met68, and Thr74. In other peroxidases, Glu71 did not show such interaction and instead form another interaction in which it is involved along with Asn77 in hydrogen-bonding network connecting distal His to distal calcium whereas this network is not present in AP due to the presence of Ser at position 77.
The proximal site of the heme crevice of the class III peroxidases closely resembles one another. The proximal His175 is coordinated with heme iron atom. It has been shown that His175 play a role in heme stability. It was demonstrated that His175 to Ala mutation caused heme degradation (Veitch 2004) . In AP, the carboxylate side chain of Asp250 maintains imidazolate nature of His175 ring by forming two salt bridges (Fig. 6b) . Hydrophobic interactions are also predicted in the vicinity of heme moiety because of the presence of Leu172 and Leu247 (Table 4) . A number of salt bridges and hydrogen bonds were also predicted with His181 which is also present at the proximal site of Heme. It is hydrogen bonded to O1A atom of heme and also forms an ionic interaction with Asp215 and hydrogen bond with Val183 and Lys184 (Table 4) . A different pattern of interaction is observed in BGP. An extended hydrogenbonding network connects Asp225-Asp239-Leu224-Asp250 to proximal histidine through water molecule.
Ferulic-acid-cyanide-bound model (APFCN) The distal catalytic residues Arg45, His49, and Phe48 are present near the cyanide site and coordinate with the aromatic ring of the ferulic acid while Arg45, heme, and His49 are coordinated with the cyanide Arg45 forms hydrogen bonds with ferulic acid as well as with Phe41, Phe48, His49, Phe52, and Gly79. The catalytic water molecule is H bonded with ferulic acid, cyanide, His49, and Pro145 (Fig. 7a) . It has been demonstrated experimentally that the flexibility of the aromatic binding pocket of peroxidase to accommodate ferulic acid resides in the aromatic nature of the substrate that interacts with the surrounding aromatic amino acids of the enzyme thus assisting the substrate for access in the substrate-binding pocket (Henriksen et al. 1999 ). In addition, Arg45 is also found to be actively involved in both substrate oxidation and ligand coordination (Henriksen et al. 1999) . Coordination between Arg45 and cyanide play an important role in stabilization of peroxidase bound peroxy transition state and O-O bond cleavage. In general, it has been observed that coordination of substrate in the access channel motivates the distal site residues near the substrate (Henriksen et al. 1999 ).
Benzhydroxamic acid-bound model (APBHA) At the catalytic site of the predicted model of APBHA, Arg45, His49, and Pro145 are involved in H bonding with benzhydroxamic acid either directly or through water molecule (Fig. 7b) . The distance between heme (Fe) and catalytic water molecule is 2.65 Å which is the same as in case of HRP and is enough to control the electronic structure of heme system (Howes et al. 1997) . Crystallographic study has revealed that BHA was found at the peroxidase catalytic site, whereas hydrophobic residues are present near the aromatic portion of the substrate (Henriksen et al. 1998b ). The conserved hydrophobic residues, Phe78, Gly79, and Leu144 surround the aromatic ring of APBHA. Formate-bound model (APFA) Formate coordinates directly in the heme pocket in a similar fashion as in case of HRP. Hydrogen-bonding interactions between formate, heme, and Arg45 are almost similar. Formate also forms hydrogen bonds with His49 while Arg45 in turn hydrogen bonds with Phe41 and His49 (Fig. 7c) . It has been demonstrated that the channel providing access to the heme iron, involves site where formate binds (Carlsson et al. 2005 ). In the proposed mechanism for the formation of compound I (Eq. 1), hydrogen peroxide can readily be contained in that site forming hydrogen bonds with Arg45 and His49. A proton has to be removed from hydrogen peroxide and transferred to His49 which acts as proton acceptor (Berglund et al. 2002) . This interaction involving His49 and formate is also predicted in the APFA model.
Carbon monoxide-bound model (APCO) Carbon monoxide coordinates with heme (Fe-C) at a distance of 2.04 Å and it binds perpendicularly to the heme plane with a Fe-C-O angle of 168.6°. It has been demonstrated that the geometry of carbon monoxide coordinating to the heme resembles the coordinating geometries of carbon monoxide in other heme proteins (i.e., Fe-C-O angle=1.58-1.74°and Fe-C distance=1.7-2.1 Å) (Berglund et al. 2002) . Two hydrogen bonds between A. marina peroxidase and bound CO were predicted; one with His49 and the other with Arg45 . It has been demonstrated that all these contacts result in the slow dissociation of CO from the peroxidase, indicating that the complex is more stable as compared to other hemoprotein-CO complexes (Hayashi et al. 1976; Wittenberg et al. 1967) . Furthermore, an extended hydrogen-bonding network was found upon CO binding with AP resulting in the change in conformation of catalytic distal residues (Fig. 7d) .
Tris (hydroxymethyl)aminomethane-bound model (APTRIS) TRIS also coordinates with the distal catalytic residues that correspond to the residues involved in the structure of TRIS bound soybean peroxidase, SBP (Henriksen et al. 2001 ) and ferulic-acid-bound HRP (Henriksen et al. 1999) . TRIS acts as the secondary substrate coordinating site in plant peroxidases thus providing a shuttle station for reducing substrates allowing water molecules and hydrogen peroxide to diffuse to the heme center (Henriksen et al. 2001) . TRIS hydroxyl group coordinates with His49 through three catalytic water molecules while the second catalytic water molecule (W2) is coordinated to Pro145 and a third water molecule (W3; Fig. 7e ). Arg45 has shown weak Fig. 3 a The 3D homology model of A. marina peroxidase showing the secondary structural features. Also shown are the heme prosthetic group and calcium ions; b Cysteine residues involved in the four disulfide bridges coordination (3.26Ǻ) with W2 both in the APTRIS model as well as in the template, SBP. This interaction was found nearest to the TRIS hydroxyl group. Furthermore, no hydrogen-bonding interaction was seen between Arg45, Gly79, and heme in APTRIS while in SBP, Ser79 form hydrogen bonds with Arg45 and heme. It was also observed that in the APTRIS model, His181 (ND1) present within the 3 Å distance of heme is too far away (7.5 Å) from TRIS whereas Arg183 present at the equivalent position in SBP forms a long range interaction (3.8 Å) with TRIS (Henriksen et al. 2001) . This is mainly due to the structural difference between the two amino acids; His being aromatic while Arg has an extended structure that is situated closer to the heme propionate. It was also observed that the distance between the catalytic water (W1) and heme (Fe; 3.8 Å) is relatively longer as compared to that found in other unbound peroxidases due to the presence of positively charged TRIS molecule present at the exterior substrate coordinating site. In the APTRIS model, Met80 (equivalent to Ile80 in SBP) produces significant orientation of distal residues. Met44 is responsible for higher thermal stability in SBP (Henriksen et al. 2001) , whereas equivalent Leu44 residue in APTRIS seems to have no distinct role in providing thermal stability to the protein.
Structural comparison of A. marina peroxidase with that of salt-sensitive and salt-tolerant plants Structural superposition studies of the peroxidases from A. marina and barley grain (salt-tolerant), peanut and soybean (salt-sensitive) plant species have revealed that there are four regions of structural deviation ( Fig. 8 ; Table 5 ). Regions having RMSD >1.0 in any of the species were considered as the regions of structural deviation and the corresponding regions in other species were compared. These regions were analyzed with respect to their functions and the role of significant residues was highlighted. This region has shown highest deviation, i.e., 2.2 Å in SBP while in case of PNP this region has an RMSD of 1.10 Å. The corresponding region in BGP is only slightly deviated (0.38 Å). This region also includes the connecting loop comprising residues 65-83 and is present at the distal site of the enzyme. In BGP, Thr67, Asn77, and Thr79 show hydrogen-bonding interactions with distal catalytic residues, Arg45 and His49, while no interaction was observed among these residues in AP except that Arg67 hydrogen bonds with His49 also because of sequence variation. Different substrates show variations in the hydrogenbonding pattern in AP, e.g., in case of bound ferulic acid, Gly79 show hydrogen bond interaction with Arg45 while no hydrogen bonding was observed between these residues in case of bound TRIS. In SBP, Ser79 is present in place of Gly which also form hydrogen bonds with Arg45. Arg81 is present both in BGP and AP but is replaced by Ile in saltsensitive species, SBP and PNP. The change from hydrophilic to hydrophobic residue may lead to a decrease in ionic interaction as the surface accessibilities of Arg81 in AP was found to be 24.06 Å 2 as compared to Ile81 as 3.76 Å 2 and 8.49 Å 2 in PNP and SBP, respectively. Another sequence variation observed in this region is at position 85 where Tyr is present in AP. This residue is replaced by similar aromatic amino acid Phe in BGP while acidic amino acids, Glu and Asp are present in PNP and SBP, respectively. Again change in the nature of amino acid may lead to different interactions as the acidic amino acids were found to be located on the surface whereas aromatic amino acids were located in the interior of the protein.
Region 184-194
This region has shown highest deviation, i.e., 2.08 Å in PNP while in case of SBP this region has a low deviation with an RMSD of 0.64 Å. The corresponding region in BGP is only slightly deviated (0.1 Å). In AP, Lys184 is involved in hydrogen-bonding interaction with His181 at the proximal heme site which in turn forms another hydrogen bond with O1A atom of heme (Table 4 ). This residue is not conserved and is replaced even in BGP by Ser and in SBP and PNP by Thr and Ala, respectively. No Table 3 Comparison between proximal and distal calcium-coordinating residues and hydrogen-bonding pattern in Avicennia marina peroxidase (AP) and barley grain peroxidase (BGP) such interaction was therefore observed between residues at position 184 and heme. No other residue in this region seems to have any functional significance. The large structural deviation in this region in case of PNP seems to be because of the presence of Arg at position 186. This position is occupied by similar amino acid residues, Val and Ile in AP and SBP, respectively.
Region 210-216
This region has shown highest deviation, i.e., 1.04 Å in PNP while in case of SBP this region has a low deviation with an RMSD of 0.7 Å. The corresponding region in BGP is only slightly deviated (0.14 Å). No residue in this region seems to have any functional significance.
Region 222-227
This region has shown similar structural deviation of 2.06 Å in both SBP and PNP. The corresponding region in BGP is only slightly deviated (0.34 Å). In most of the members of peroxidase superfamily, Asp225 provides an additional coordination site for proximal calcium. But in case of AP, Asp225 does not coordinate with proximal calcium because it is located away from the latter having different amino acid residues in the vicinity. This region has shown greater structural variation in case of PNP and SBP as compared to BGP although sequence variation was also observed in case of the latter. The large structural deviation in this region in case of PNP and SBP seems to be because of the presence of Pro at positions 222 and 225 whereas no proline is present in BGP and AP in this region.
Post-translational modification
Glycosylation
One Asn-linked glycosylation site was predicted by the PROSITE database (Obenauer et al. 2003) in the sequence patch, 148 Asn-Glu-Ser-Leu 151 (Table 6 ). We analyzed this site in the homology model of peroxidase from A. marina (AP). In the AP model, Asn148 is present on the surface, being part of the loop structure. This analysis was consistent with the previous findings regarding the location of the glycosylated residues in different proteins. These residues should be present on the surface of the protein molecule in order to be glycosylated. They are more likely to be present in the loop structure emphasizing the role of these structures in molecular recognition. Moreover, it has also been documented that the position of proline residue in Fig. 5 a A. marina peroxidase region showing amino acid residues with the distal Ca; b Hydrogen bonding network between coordinating catalytic distal histidine and distal Ca the peptide segment is critical regarding the probability of glycosylation site. Pro can prevent glycosylation if it is present at the next position C-terminal to Ser/Thr or between Asn and Ser/Thr (Bause 1983) . We compared this sequence patch with the proposed criteria for such a site in glycosylated proteins. Pro145 is present N-terminal to Asn148 but not between the patch, and no proline is found within the next 10 residues beyond Leu151. We have also found one recent experimental study that reported the presence of nine potential glycosylation sites in Royal palm tree peroxidase (Watanabe et al. 2010) . Other studies have also demonstrated that glycans are required for the stable conformation of peroxidase and play significant role in the appropriate folding of the protein (Bause 1983) . The glycosylation level of a protein can affect its structure, stability, and movement through the secretory pathway (Bao et al. 2001) . It has been shown that HRP contains eight asparagine-linked glycans located on the surface of the protein but these glycans hardly affect the thermodynamic stability, yet increased the kinetic stability significantly (Tams and Welinder 1998) .
Phosphorylation
Protein kinases have profound effects on a cell and their activity is highly regulated. Kinases are turned on or off by phosphorylation, by binding of activator or inhibitor protein or small molecules, or by controlling their location in the cell relative to their substrates. Protein kinases have been shown to be activated by hyperosmotic stresses in different plant species. Ca-dependent protein kinases are a group of wellcharacterized protein kinases and have been found in many plants including Arabidopsis, soybean, rice, tobacco, and potato (Hrabak 2000) . AP is also a salt-tolerant plant, in which several protein kinase C phosphorylation sites were predicted by PROSITE database (Obenauer et al. 2003) (Table 6 ). These sites were analyzed with respect to their positions in the 3D homology models. Some of the sites were found to have low surface accessibilities and therefore these sites may not be the potential phosphorylation sites. The remaining sites having relatively high surface accessibilities in the homology model were Ser64 in , respectively. Some potential phoshorylation sites picked up by the PROSITE search also include the phosphorylation sites that are specific for casein kinase II. Two of these sites were also potential targets for protein kinase C. The predicted 
Amidation
The PROSITE pattern search results predicted two amidation sites, Thr-Gly 128 -Arg-Arg and Asp-Gly
132
-Arg-Lys in AP sequence that was consistent with the consensus pattern x-G-RK (Table 6 ). As the requisite for amidation, Cterminal glycine residue provide the amide group followed by at least two consecutive basic residues, which generally function as an active peptide precursor cleavage site (Bradbury and Smyth 1987) . Analysis of the AP model showed that both the probable sites showed are buried (i.e., surface accessibility=0Å
2 ) and therefore are less likely to be the amidation sites.
Conclusion
Plant cells have to survive constantly in the presence of various metabolites that are produced in response to various stress conditions. Mangroves that are salt-tolerant plants are better protected from oxidative damage under salt stress. They have evolved a complex series of enzymatic and nonenzymatic antioxidant protective mechanisms. Various genes Aligned regions of maximum deviation are shown; RMSD is shown in brackets Functionally distinct residues in A. marina peroxidaseresponsible for providing oxidative and salt tolerance and ability to grow at elevated salt concentration have been identified. The present study is related to the sequence and structural analysis of peroxidase, a stress-related protein of A. marina. The structural features shows that Arg45 and His49 were catalytically significant residues as they have shown hydrogen-bonding interactions with all the substrates used in this study, i.e., ferulic acid-cyanide, benzhydroxamic acid, formate, carbon monoxide, and Tris while Phe40 also showed interaction in case of ferulic acid-cyanide. The connecting loop comprising residues 64-84 present at the distal site of the enzyme is the noticeable site for structural difference in peroxidases from various species. The structural comparison of the A. marina peroxidase (belonging to salttolerant plant) with that of two class III salt-sensitive species, peanut and soybean revealed four loop regions having largest structural deviation. The study also outlines some sites for post-translational modification in the peroxidase that play significant roles in the protein function. The structural and functional aspects presented here may further assist in understanding the role of A. marina peroxidase in resistance to oxidative and salt stress. The predicted residue in the patch is denoted by asterisk (*). In case of glycosylation, phosphorylation, and amidation, Asn (N), Ser (S)/Thr (T), and Gly (G) are modified, respectively
